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Abstract
Scirpophaga incertulas Walker is an important agricultural pest in Asia. Only few
studiesareavailableonitslong-termpopulationdynamicsunderclimatewarming.
Inthisstudy,weusedthelinearandgeneralizedadditivemodels(GAMs)toanalyze
thehistoricaldatasetof>50yearsonthispestatXinfengCountyofJiangxiProvince,
China.Themainobjectiveofthisstudywastoexploretheeffectsofdensity(delayed)
dependence and minimum annual temperature (MAT), which indirectly reﬂects
climate warming, on the population dynamics of this pest. We found that both
density dependence and MAT have signiﬁcant inﬂuence on the annual population
growth rate. The GAMs had relatively better applicability to the dataset than the
linear models. Nonparametric model provided satisfactory goodness-of-ﬁt (R2 >
0.5). At Xinfeng County, the MAT had a signiﬁcant effect on the annual population
growth rate of S. incertulas. The annual population growth rate of S. incertulas
decreasedwithincreaseinMAT.Therefore,S.incertulaspopulationbecomessmaller
and smaller in Southern China due to climate warming. The current study has two
contributions:(1)providingasuitablemethodforpredictingtheannualpopulation
growth rate of S. incertulas, and (2) demonstrating that climate warming could
decrease the S. incertulas population.
Introduction
Populationdynamicsisanimportantareaofstudyinecology.
Many ecological theories are related to population dynam-
ics. Population dynamics of one species is affected by many
factors. Previous studies showed the inﬂuence of density de-
pendence on the insect population dynamics (Turchin 1990;
Turchin et al. 1991; Friedenberg et al. 2008). Turchin (1990)
built a single species population modeling of time-delayed
density dependence to analyze the population dynamics of
14 forest insects, and found that eight cases exhibited clear
evidence for delayed density dependence and log-induced
oscillations. Crone (1997) extended this population model-
ing oftime-delayeddensitydependence from a singlespecies
population dynamics to two interacting species population
dynamics.Theminimumannualtemperature(MAT,ormin-
imum winter temperature) was considered as the crucial
factor limiting the northern distributions of many insects
(Uvarov 1931; Ungerer et al. 1999; Tran et al. 2007; Shi et al.
2012). Friedenberg et al. (2008) combined the MAT with
time-delayed density dependence in the single species popu-
lationmodeling.PreviousstudyshowedthattheMATsinthe
Northern Hemisphere are increasing with time (Tran et al.
2007). Since the MAT has been demonstrated to have an
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Figure 1. The population density of S. incertulas at Xinfeng County of
Jiangxi Province, China.
important inﬂuence on distributions of insects, we are con-
cerned of its inﬂuence on the annual population growth rate
of insects.
Scirpophaga incertulas Walker is an important agricultural
pest in Asia. It is always a traditional pest on rice in Southern
China. Jiangxi Province of Southern China is contributing
approximately 10% of the national total output of China.
The damage of S. incertulas in Jiangxi Province has been a
concern since long time (Zhong et al. 2000). In this study,
the historical dataset of > 50 years (from 1957 to 2009) on S.
incertulas collected from Xinfeng County of Jiangxi Province
(Fig. 1) was used to determine the effects of density depen-
dence and MAT on the population dynamics of S. incertulas.
Wealsousedthisdatasettoexplorewhetherthedelayedden-
sitydependencehasasigniﬁcantinﬂuenceonthepopulation
dynamics of this pest.
Materials and Methods
Population density data
The data monitoring site (25◦24.392 N, 114◦50.008 E) was
located in Xinfeng County, which has a typical subtropical
climate.BasedontheclimatedataofXinfengCountyClimate
Stationfrom1986to2008,theannualmeantemperaturewas
19.6◦C, and the annual precipitation was 1492.1 mm.
Inlighttrap,a200Wincandescentlamp(19:00–0:00h)was
usedfrom1957to2005,whichwasreplacedwith25Whelium
lamp(18:00–6:00h)in2006.Eachyear,themonitoringbegan
on March 1, and ended on October 31. No adults of this
pest were found beyond this monitoring period in the past
53 years. We used the accumulative observed number of S.
incertulas moths during monitoring period as the annual
population density. The quotient of the population densities
of two adjacent years was used as the annual population
growth rate.
Modeling
Turchin (1990) used the following equation to describe the
insect population dynamics:
Nt = Nt−1 exp(r0 + α1Nt−1 + α2Nt−2 + εt) (1)
Here, Nt is the population density at time t; r0,α 1,α 2 are
constant; εt is a random error at time t. This equation can be
described as:
rt = r0 + α1Nt−1 + α2Nt−2 + εt (2)
Here,rt = ln(Nt/Nt−1),whichrepresentstheannualpop-
ulation growth rate of population at time t. In general, the
variable of Nt−2 was added to signiﬁcantly reduce the unex-
plained deviation relative tort = r0 + α1Nt−1 + εt (Turchin
1990;Turchinetal.1991;Friedenbergetal.2008).Sometimes
rt = r0 + α1Nt−1 + εt byitselfcanhaveagoodﬁttothedata
(Colcheroetal.2009).Equation2canbepotentiallymodiﬁed
if we relax the restriction of the linear relationship between
the annual population growth rate and density dependence
(Friedenberg et al. 2008).
rt = r0 + f1 (Nt−1) + f2 (Nt−2) + εt (3)
Here, f j(·)( j = 1, 2) is a speciﬁed smooth function. In
practice, we can use the generalized additive models (GAMs;
Hastie and Tibshirani 1986, 1990) to ﬁt the data.
If there are some climatic factors with potential inﬂuence
on the population dynamics, we can add these factors to
e q u a t i o n s2a n d3 :
rt = r0 + α1Nt−1 + α2Nt−2 +
p 
i=1
βiVi + εt (4)
rt = r0 + f1 (Nt−1) + f2 (Nt−2) +
p 
i=1
βiVi + εt (5)
Here, Vi represents the climatic factors, such as MAT
(Friedenberg et al. 2008) and average summer standardized
precipitation index value at time t that can reﬂect the extent
of drought (Colchero et al. 2009); βi are constant. We can
modify equation 5 to:
rt = r0 + f1 (Nt−1) + f2 (Nt−2) +
p 
i=1
fi+2 (Vi) + εt
(6)
or we can further add some interaction terms among these
factors. In general, we use equation 5 instead of equation 6
because the former can be easily explained. The former is
a semiparametric model (one between a parametric model
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and a nonparametric model), but the latter is a nonparamet-
ric model. To determine the effect of MAT on the population
dynamics,wecouldchooseasemiparametricmodelthatesti-
mates the coefﬁcient of MAT. If climate warming hypothesis
held,theMATwouldhaveatrendofincrease.Hence,weused
a simple linear model (Tran et al. 2007) to test whether there
is a trend of increase for the MAT at Xinfeng County during
these years.
Turchin’s model and the following modiﬁed model in fact
imply a hypothesis that Nt−2 can signiﬁcantly affect the an-
nual population growth rate. This hypothesis was supported
by the study of Turchin (1990). Here, we used the autocor-
relationfunction(ACF)andpartialautocorrelationfunction
(PACF) to analyze whether the delayed density dependence
couldhaveinﬂuenceontheannualpopulationgrowthrate.If
Nt−2 signiﬁcantly affects the annual population growth rate,
wecanfollowequations2–6;ifnot,wecandeletethedelayed
densitydependence.ItisnecessarytopointoutthatACFand
PACF are generally restricted in the following model:
Lt = a0 + a1Lt−1 +···+apLt−p + εt (7)
Here, Lt = ln(Nt).
Results
No delayed density dependence effect was
found
The estimated ACF of {Li}(i = 1,2,...,t) shows that there
are autocorrelations in the time series; and the estimated
PACF suggests the dropping of Lt−2 from all the aforemen-
tioned equations (Fig. 2). There is no delayed density depen-
denceeffectexceptNt−1 thataffectsthedataset.Thus,wewill
notconsiderNt−2 inequations2–6inthefollowinganalyses.
Fitted results by using the linear models
Table 1 shows the ﬁtted results by using the linear models
(equations 2 and 4). The Nt−1 has a signiﬁcant inﬂuence on
the annual population growth rate (P = 0.0163 < 0.05 for
the linear model without MAT; P = 0.0093 < 0.05 for the
linear model with MAT). Addition of MAT did not improve
the goodness-of-ﬁt signiﬁcantly. And the effect of MAT on
the annual population growth rate is not signiﬁcant (P =
0.0563 > 0.05). Intercept (r0) is not signiﬁcant for the linear
models with and without MAT. The linear relationship with
MAT (F2,49 = 5.174, and P = 0.0092 < 0.05) was slightly
better than without MAT (F1,50 = 6.176, and P = 0.0163
< 0.05), because the goodness-of-ﬁt of the former is higher
than that of the latter (whether R2 or Radj
2). However, the
goodness-of-ﬁt is still too small, which indicates that equa-
tions 2 and 4 are not good models for the dataset. In nature,
the nonlinear phenomena might be more common than the
linear phenomena.
Figure 2. The autocorrelation and partial autocorrelation functions of
the natural logarithm of S. incertulas population density. (A) Autocor-
relation function. (B) Partial autocorrelation function. The dashed lines
represent the 95% conﬁdence interval.
Fitted results by using the generalized
additive models (GAMs)
Table2showstheﬁttedresultsbyusingtheGAMs(equations
3, 5, and 6). The Nt−1 is signiﬁcant for these three models.
The intercept is signiﬁcant for the semiparametric model,
and not signiﬁcant for the other models. MAT is signiﬁcant
forsemiparametric(P =0.0041<0.05)modelaswellasnon-
parametric (P = 0.0384 < 0.05) model. It demonstrates that
MAT can signiﬁcantly affect the annual population growth
rate. The coefﬁcient of determination was 0.4380 for the
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Table 1. Fitted results for linear models.
Model Parameter Estimate Standard error t value p value R2 Radj
2
Without MAT Intercept 3.837e-01 2.488e-01 1.542 0.1294 0.1099 0.0921
Nt−1 –6.518e-05 2.623e-05 –2.485 0.0163
With MAT Intercept –2.522e-01 4.054e-01 –0.622 0.5367 0.1744 0.1407
Nt–1 –6.937e-05 2.561e-05 –2.709 0.0093
MAT –3.312e-01 1.694e-01 –1.955 0.0563
Here, “e-0x”r e p r e s e n t s“ ×10–x”; R2 represents the coefﬁcient of determination; Radj
2 represents the adjusted coefﬁcient of determination; MAT
represents the minimum annual temperature.
Table 2. Fitted results for generalized additive models (GAMs).
Degrees of
Model Item freedom Estimate Standard error t value p value R2 Radj
2
Without MAT Intercept 0.0094 0.1833 0.051 0.959 0.2899 0.223
s(Nt–1) 4.4112 0.0148
With MAT (semi-parametric) Intercept –0.9124 0.3472 –2.628 0.0117 0.4380 0.358
s(Nt–1) 5.3268 0.0013
MAT –0.4627 0.1529 –3.025 0.0041
With MAT (nonparametric) Intercept 0.0094 0.1604 0.059 0.954 0.5196 0.404
s(Nt–1) 5.2786 0.0025
s(MAT) 4.5994 0.0384
semiparametric model and 0.5196 for the nonparametric
model. This study shows that both density dependence and
MAT had important inﬂuence on the annual population
growth rate of S. incertulas (Fig. 3). The latter had a neg-
ative inﬂuence on annual population growth rate.
Evidence of climate warming from the
minimum annual temperature (MAT)
MAT increased linearly (F1,50 = 5.132; P = 0.02785 < 0.05)
with increase in time (Fig. 4). The slope was signiﬁcant (P =
0.0279 < 0.05), which indicates that the increase in MAT
at Xinfeng County was because of climate warming. In fact,
using the linear model, Tran et al. (2007) also proved an
increasingtrendofMATwithtime(1960–2004)inthesouth-
eastern United States.
Discussion
Friedenberg et al. (2008) considered the interaction between
(delayed)densitydependenceandclimatevariables.Inequa-
tions 5–6, we use the GAMs with an important climatic vari-
able (i.e., MAT) to describe the annual population growth
rate. If there was an interaction between Nt−1 and MAT,
it would be necessary to deﬁne the interaction, such as
α3 · Nt−1 · MAT, where α3 is constant. In a GAM, the in-
teraction needs a manual deﬁnition. However, in practice,
wecannotclearlyprovidethedetailedformulationofthisin-
teraction.Inthisstudy,wehaveneglectedtheinteraction,but
wefoundthatthegoodness-of-ﬁtwithoutaninteractionwas
stillgood.Inordertoshowthefeasibilityofneglectingthein-
teraction, we consider whether the interaction can affect sig-
niﬁcantly the annual population growth rate in this section.
Here, we replace equations 5–6 by the following equation:
rt = g (Nt−1,MAT) + εt (8)
Here, g is the regression surface. We use the local regres-
sion models (LOESS or LOWESS, Cleveland et al. 1992) to
replace the GAMs. For the local regression models, there is
no explicit speciﬁcation that rules out interactions (Cleve-
land et al. 1992). Thus, we do not need to know the detailed
formulationoftheinteraction,becausethisinteractionisnat-
urally integrated into the local regression models. By setting
the smoothing parameter to 0.5, we estimated R2 = 0.5502
which was slightly greater than the estimation (R2 = 0.5196)
through nonparametric model (Table 2). It implies that we
couldneglectinteractionbetweendensitydependence(Nt−1)
and MAT. When we added an interaction of Nt−1 · MAT in
the nonparametric model (i.e., equation 6), it was not sig-
niﬁcant (P = 0.6575 > 0.05). Yamamura et al. (2006) used
LOWESS to analyze the population dynamics of three agri-
cultural pests. However, equation 5 published in their paper
has a serious problem. They claimed that “LOWESS is ad-
ditive,” which was used to derive equation 5 published in
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Figure 3. The additive nonparametric ﬁt of the annual growth rate.
The shaded region represents twice the pointwise standard errors of
the estimated curve; the points represent partial residuals. (A) Partial
residuals of the ﬁrst variable, Nt−1. (B) Partial residuals of the second
variable, MAT.
their paper, but in fact this precondition does not hold (see
Cleveland et al. [ 1992] for details).
Kiritani (1988) reported a descending trend of annual
changesinareaunderpaddy(inhectares)infestedbyS.incer-
tulas from 1937 to 1978 in Japan. At present, it is rather difﬁ-
culttoﬁndthewildpopulationofthispestinJapan(personal
communicationwithDr.IkemotoTakaya).Wespeculatethat
thisphenomenonmightpartiallybetriggeredbytheincreas-
ing MATs in Japan. The previous studies related to the effects
Figure 4. The linear relationship between the minimum annual temper-
ature and time.
of global warming on insects were usually concentrated on
two aspects: (1) movement northward of distribution limits,
and (2) population density change. Those studies showed
that global warming lead to the increasing damage of pests
(e.g., Logan et al. 2003; Kiritani 2006; Diffenbaugh et al.
2008). However, our study shows that global warming low-
ered the population of S. incertulas at Xinfeng County. This
pest is in fact very sensitive to temperature, and its volitism
can change when exposed to different climate environments
(Zhang 1992; Stevenson et al. 2005). Under global warm-
ing, the number of generations per year could increase, but
the increasing number of generations will not aggravate the
damage by this pest in Southern China (Shi et al. 2012). In
Southern China, such as Jiangxi Province, MAT is less than
the lower lethal temperature of S. incertulas. The lower lethal
temperature could be approximated by supercooling point
(Ungerer et al. 1999). Based on the study of Zhang (1990),
this lower lethal temperature is about –11◦C. From our >50
years MAT data, the probability of reaching the lower lethal
temperature could be calculated on the condition of MAT ∼
iid(–1.99,1.15).TheMATdataatXinfengCountypassedthe
Shapiro–Wilk test (W = 0.9782, P = 0.4529 > 0.05; Xue and
Chen 2007), which means that the null hypothesis of MAT
normality could not be rejected. The probability of reaching
the lower lethal temperature approximates zero (Fig. 5). In
otherwords,MAThaslittleinﬂuenceonthewintermortality
of population. In addition, the appearance time of MAT at
Xinfeng County is rather stable. We used December 1 of the
former year as the start day (i.e., 0), and calculated the ap-
pearancetimeofMATofthenextyearindays.Weperformed
linearr egr essionontheappearanc etimev ersustime(Fig.6).
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Figure 5. Relationship between cumulative distribution function and
MAT. The black line represents the normal accumulative distribution
function; and the grey line represents the empirical distribution function.
F (MAT < −11) ≈ 0, indicates that the probability of reaching lower
lethal temperature at Xinfeng County approximates 0.
Figure 6. The appearance time of MAT during different years of study.
The grey line represents a constant of 41.78th day of each year, which
is January 11.
The slope was not signiﬁcant (P = 0.404 > 0.05). Then we
performed linear regression without slope, and obtained in-
tercept=41.78(P<0.05).Thus,theappearancetimeofMA T
in Xinfeng County is estimated to be January 11. It is neces-
sary to point out that MAT is increasing with time although
itsappearancetimeisapproximatelyconstant.Consequently,
wespeculatethatincreasingMATcouldresultintheadvances
ofthebiologicaltimeofriceandpestdevelopment.However,
the advance of the biological time of rice development might
be different from pest development. This pest could not syn-
chronize its development with rice, which might lead to the
populationdecreaseofS.incertulas.Itdeservesfurtherstudy.
In summary, the GAMs can provide an approximate de-
scription for the population dynamics dataset of S. incertulas
at Xinfeng County. A delayed density dependence has no in-
ﬂuence on the annual population growth rate. Both density
dependence and MAT have important inﬂuence on the pop-
ulationannualgrowthrateofS.incertulas atXinfengCounty,
but there was no interaction effect.
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